Abstract: In this paper a new methodology for the improvement of regulation performances of PID controllers, tuned according to the concept of Internal Model Control, is presented. Basically, it consists of adding to the PID output, when no change of the set-point is required, a value that depends on the difference between the system output and the PID output itself. In this way the load disturbance rejection capabilities of the control system can be improved significantly, especially for lag-dominant processes. The use of the additional module of the control system does not require any significant extra tuning effort for the operator, because analytical tuning rules are given for the selection of the new parameters. Simulation examples are given in order to show the effectiveness of the technique. Copyright c ¡
INTRODUCTION
Proportional-Integral-Derivative (PID) controllers are the most widely adopted controllers in industrial settings because they afford a very good cost/benefit ratio, due to their inherent simplicity and to the satisfactory performances they are capable of providing for a wide range of processes. The widespread use of these controllers has also taken advantage of the fact that many tuning rules have been proposed in the literature in the last sixty years (see e.g. (O'Dwyer, 2000) for an excellent collection of them). In general, each tuning rule addresses one particular design specification (setpoint following, load disturbance rejection, etc.) and relies upon a simple model of the controlled plant (Aström and Hägglund, 1995) . Hence, without the intervention of the operator it is difficult for a tuning formula to achieve optimal results for a given plant and for given performance requirements. This is because either it relies on a perfect matching of the plant with a defined model (e.g. a first order plus time delay transfer function), or it has to take into account model uncertainties and therefore the controller has to be somehow detuned in order to provide the desired robustness. Thus, it is particularly suitable to have a single parameter in the tuning procedure that the operator can easily fix to select the tradeoff between robustness and aggressiveness (Aström et al., 1998) . In this context, one of the most interesting tuning procedures is the one based on the concept of Internal Model Control (IMC) (Rivera et al., 1986; Morari and Zafiriou, 1989) , which assumes that the plant can be described by a first order plus time delay (FOPTD) transfer function in which the time delay is expressed by a first order Pade approximation. The IMC design methodology is then applied, resulting in a controller that consists of a typical PID controller and a first order filter (which renders the overall controller transfer function proper). All the PID parameter values are uniquely determined based on the estimated process transfer function, with the exception of a single parameter which has to be selected by the user, taking into account the trade-off between performance and robustness. The readiness of the technique and the good performances that can be achieved in the setpoint following has led to being this method widely applied in industrial environments. However, being based on a pole-zero cancellation, the IMC-tuning might suffer from poor load disturbance attenuation, especially for lag-dominant pro-cesses (Scali and Semino, 1991; Shinskey, 2000) , and this might represent a serious drawback, since the load disturbance rejection is of major concern for many plants. Further, the computational power available nowadays has given a new impulse to the research on PID controllers (Yu, 1999; Tan et al., 1999) and permits the implementation of useful tools for the control design and implementation, as well as for supervision (Wallen, 2000) . Thus, it seems sensible, in order to solve the problem of satisfying conflicting specifications at the same time (i.e. of having both a good set-point following and a good load disturbance rejection), to devise a control scheme in which the control law when a set-point change occurs is different from the case when the steady-state has to be maintained. In this paper we propose a new control scheme which has to be applied in this context, i.e. when the process is already at the steady state and load disturbances are to be attenuated. It relies on the IMC-tuning method so that the pre-existing know-how can be fully exploited and no intervention of the operator is required for the selection of the additional parameters.
METHODOLOGY

IMC-tuning of PID controllers
The IMC strategy, in which the controller implementation includes a model of the plant, aims at providing a control design method where the trade-off between nominal performances and robustness is explicitly addressed (Morari and Zafiriou, 1989) . Briefly, the design procedure consists of two steps: first, assuming that the process transfer function is exactly known, the controller is determined in order to minimize a performance index; then, the controller is augmented by a low-pass filter which takes into account model uncertainties. Consider now a FOPTD process in which the time delay is expressed by a first-order Pade approximation: After a trivial calculation, the resulting closed-loop transfer function between the reference value r and the system output y, in the nominal case, is:
Hence, the closed-loop time constant can be selected by the user, which is the characterizing property of the IMC-tuning method for PID controllers. In other words, λ, which is the only parameter to be selected by the user if an estimate of the transfer function is available, provides the trade-off between aggressiveness and robustness. Thus, if λ is decreased then the control system is more aggressive but mismatches between the actual plant and its model might result in significant overshoots and oscillations. Conversely, if λ is increased, then the control system is more sluggish but also more robust to inaccurate estimates of the transfer function (e.g. the process is of high order and it is approximated by a FOPTD transfer function). Basically, the IMC methodology is based on the cancellation of the process lag. This results in a good set-point response but also in a poor load disturbance attenuation, especially for lag dominant processes. Indeed, considering the transfer function between the load disturbance d and the process output y, we have:
Hence, if it is λ ! τ to improve the set-point response, then the load disturbance response is dominated by the time constant of the process. It is worth stressing that the two degrees-of-freedom IMC scheme (Morari and Zafiriou, 1989; Abe et al., 1996) addresses disturbances acting on the process output and therefore it does not provide any help in this framework.
Improving the load disturbance rejection
In order to improve the load disturbance rejection capabilities of an IMC-based control system, the following scheme, shown in Figure 1 , has been devised. With respect to the standard IMC-tuned PID controller with transfer function R¢ s£ , there is an additional first order filter with transfer function
which is adopted when the process is at the steadystate. In other words, the switch is open when a setpoint change occurs and it is closed when the selected operating point has to be maintained: the task of the controller is to reject all the disturbances acting to the process, which in this case are assumed to be reduced to an equivalent disturbance d acting on the process input. In the following, for the sake of clarity and without loss of generality (note in Figure 1 the gain 1" µ applied to the process output), we will assume µ # 1, i.e. the process has a unity gain. The proposed method arises from the fact that the IMC-tuned PID essentially provides a control variable equal to the desired output value. Hence, the settling time of the response of a step disturbance depends directly on the process time constant. On the contrary, it would be desirable that, during the transient, the control variable assumes different values from the process output, opposite to the sign of the load disturbance, in order to speed up the response. For example, when a positive unit step load disturbance occurs at the process input and the desired output value is zero, it is preferable that the control variable assumes negative values for the first part of the transient response. For these reasons the filter C$ s% acts on the difference between the system output and the PID output, decreasing the original PID control variable u and yielding the overall control variable u& to negative values, thereby improving the transient response. Formally with the proposed scheme, i.e. applying the filter C$ s% when the process is at the steady-state, the transfer function between the load disturbance d and the process output y is:
and therefore the time constant τ is no more dominant.
Selection of the filter parameters
In order to select the parameters of C$ s% , it is sensible to choose the time constant T c equal to that of the plant, since the output of the filter acts directly on the process. Hence, we fix
The gain K c of the filter is chosen as follows. Note that, increasing its value leads to a faster but more oscillatory response, while decreasing it causes a more sluggish but stable response. Note also that, by continuing to decrease the value of K c , the resulting responses are more and more similar to the one obtained by adopting the single standard IMC-tuned PID controller, being the same in the limit case K c # 0. Thus, the new method does not lead to a loss of generality of the IMC-based methodology. This will be more clearly explained in the following. In any case, from a practical point of view, it is useful to have a tuning formula to set the value of the filter's gain. In general, the objective of a tuning formula is to minimize some performance index. In order to have somehow a short settling time, avoiding at the same time large overshoots, the integrated absolute error has been considered as a performance index (Shinskey, 1996) . It is defined as:
where t 0 is the time instant when the load disturbance occurs and e$ t% :# r$ t% 3 2 y$ t% is the system error. The tuning formula that gives the value of K c , dependent on the other system parameters, which minimizes (9) has been found by using genetic algorithms (Houck et al., 1995) . These have the property that they provide a global optimum of a problem in a stochastic frame. Specifically, according to a technique that has already proved its effectiveness (Visioli, 2001 ) a large number of processes with different values of the parameters τ and θ such as θ" τ 4 1 (which is the interesting case for the application of the method) have been considered. By fixing λ # τ" 5, which is generally a suitable value, considering both the performance and robustness aspects (Morari and Zafiriou, 1989) , a genetic algorithm has been adopted to find for each case the value of K c which minimize the integrated absolute error. Results have then been interpolated in order to obtain an analytic function which provides the near optimal value of the filter gain. The result is:
so that, the optimal value of K c depends only on the normalized dead time θ" τ. The plot of the function is reported in Figure 2 . It appears that the filter gain has a high value for small normalized dead times (i.e. for lag-dominant processes, where a significant improvement in the load disturbance rejection performances can be achieved), whilst when the value of the normalized dead time tends to the value one, the effect of the filter tends to be negligible, as expected. Hence, as already mentioned, the devised methodology naturally fits in the overall IMC design. Remark 1. Minimizing the integrated absolute error (9) might imply that an oscillatory, although faster, response occurs. If this is viewed as undesirable, the constant gain K c can be decreased to reduce, and even- 
SIMULATION RESULTS
Benchmark system
As an illustrative example, we consider the following process (Aström and Hägglund, 2000) :
After a simple identification procedure based on the process open-loop step response and the application of the well-known area method, the following FOPTD transfer function has been estimated: (10) in order to obtain a less oscillatory, though not optimal, response). The overall control scheme has been simulated by means of Matlab and Simulink. In particular, at time t @ 0C 1s a unit step has been applied to the set-point signal r and at time t @ 5s a unit step has been applied to the load disturbance signal d (note that all the initial conditions have been assumed to be zero at t @ 0). Then, at t @ 10s a step of amplitude 0.1 has been applied to the system output and, subsequently, at time t 10C 5s a unit step has been applied again to the load disturbance signal d. Plots of the system output functions for the classical IMC-tuned PID controller and for the new scheme proposed in this paper are shown in Figure 3 . Note that in the latter case, the additional control action is applied once the system has reached the steady-state after the transient due to the set-point step, i.e. it is K c @ 0 for t H 3 and K c @ 1C 2 for t I 3. Therefore, the set-point response is obviously equal in the two cases, as already pointed out in the paper. It turns out that it is interesting to compare the performances in the load disturbance rejection task, as it is the aim of the new scheme. From Figure 3 it is apparent that a significant improvement, under different points of view, is obtained using the additional (negative) control action. Results related to the first step disturbance acting at time t @ 5s are summarized in Table 2 . It can be seen that the integrated absolute error and the settling time (here defined as the minimum time, calculated after the step disturbance, after that the regulated output remains within a 2% range of its set-point value) have been decreased by 48.8% and 39.5% respectively. The overshoot has also been reduced (by 12.8%). By evaluating the system output after t @ 10s it appears that the new control architecture does not suffer from disturbances acting on the system output itself. The effect of the additional control action, which depends on the difference between the system output and the original control variable, can be evaluated by analyzing Figure 4 , which reports the overall control variable uP in both the open and closed switch case. As expected (see subsection 2.2), the control action with the new technique is decreased in the initial part of the transient response, assuming values that are less than zero, and therefore yielding to the noteworthy improvement in the load disturbance rejection. It also appears that no bumps are introduced by the new control scheme even in the presence of output disturbances. An additional experiment has been performed on the same process decreasing the value of λ to 0.05. This has been done because it might be sensible, in the classical IMC framework, to reduce the value of λ in order to achieve a faster load disturbance attenuation and then to insert a lag-lead prefilter to re-establish proper transient performances in the set-point response. From Figure 5 (the corresponding control variables are plotted in Figure 6 ) however, it appears that the improvements in the performances still holds and therefore the new control architecture is in any case worthy to be applied.
Distillation column
A typical example of a lag dominant process is a distillation column in which the top composition (or 
CONCLUSIONS
In this paper, a new methodology has been presented for the improvement of the load disturbance performances of PID controllers tuned according to the Internal Model Control concept. It consists basically of implementing an additional control action which depends on the difference between the PID control variable and the system output. From a practical point of view, the technique can be implemented as an add-on functionality for IMCtuned PID controllers. It will be employed when the maintenance of the set-point value is of concern, especially for lag-dominant processes, since in these cases the new scheme outperforms the classical one. For other kinds of processes, where no significant improvements can be achieved, the proposed tuning rule (10) reduces automatically the effects of the supplementary action and in any case the user can easily deselect the functionality if it is not necessary. The method is based on simple and intuitive considerations; the know-how of the IMC design methodology is fully preserved and no intervention of the operator is required to tune the additional parameters. Based on these considerations, it appears to be very appropriate to be implemented in industrial environments, preventing the Internal Model Control main drawback and therefore providing a general and valuable tuning procedure to be adopted for a wide range of processes.
